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1 . I, Joel F. Habener hold an M.D. degree from the University of California, Los Angeles. I 
received my M.D. degree in 1965. My current positions are Investigator, Howard Hughes 
Medical Institute at the Massachusetts General Hospital, Associate Physician at the * 
Massachusetts General Hospital and Professor of Medicine at Harvard Medical School. I have 
held the position of Howard Hughes Investigator since 1976. I have held the position of 
Associate Physician since 1989. I have held the position of Professor of Medicine at Harvard 
Medical School since 1989. Previously, I held the position of Associate Professor of Medicine at 
Harvard Medical School from 1975-1988. I am an inventor of the above-referenced patent 
application. 

2. I have read the Office Action dated October 7, 2003, filed in the above-referenced patent 
application and understand that the Examiner has rejected claims 19-21 for allegedly being 
incomplete for lack of an essential step. The Examiner has stated that "the methods as claimed 
lack any step by which nestin-positive cells can be differentiated from the other cell types in 
the culture. Looking to the specification, the actual methods used to isolate nestin-positive 
cells include the essential step of removing floating cells from cells adhered to concanavalin A 



coated plates." 

3. My laboratory has developed a method for isolating a stem cell from a pancreatic islet of 
Langerhans that does not require a step wherein cells are cultured on concanavalin A coated 
plates. 

4. Isolated human pancreatic islets were obtained through the JDRF Human Islet 
Distribution Program from the following centers: The Joslin Diabetes Center, Boston, the 
Northwest Tissue Center Islet and Cell Processing Laboratory, Seattle, and the Islet 
Distribution Center at the Diabetes Research Institute, Miami. Culture conditions were as 
follows. Single cell suspensions of Human pancreatic islet preparations were made by 
digestion with 5mg/ml Trypsin in PBS at 37°C and passage through a glass pipette. Viable 
cells were counted by Trypan Blue exclusion and seeded at 10,000 cells/cm 2 on tissue culture 
treated plastic dishes (Corning, Corning, NY). In initial experiments cell expansion was done 
in RPMI 1640 (11 rnmol/1 Glucose) (Invitrogen, Carlsbad, CA) with 10 mmol/1 Hepes buffer, 
1 mmol/1 sodium pyruvate, 10% fetal bovine serum (FBS; Omega Scientific, Tarzana, CA), 
25ng/ml EGF, 20ng/ml bFGF and lx penicillin/streptomycin. In later experiments CMRL 
1066 medium (5.5 mmol/1 Glucose) with 10% FBS, lx penicillin/streptomycin, lOOng/ml beta 
nerve growth factor (p-NGF; R&D Systems, Minneapolis, MN), and 25ng/ml EGF was used. 
24 to 48 hours after seeding, dead cells were removed by a media change and one wash with 
PBS. Thereafter, cells were expanded for 10-14 days until they reached confluence and 
medium was changed every 3 days. 

According to this protocol, upon culture initiation only a few cells (less than 10%) 
attached to the dish and began to proliferate whereas the majority of cells did not attach to the 
dish and were washed off and discarded with the subsequent 2-3 changes of the culture media. 
Over 10-14 days of culture, the cells reached confluency. At this time, the levels of insulin 
mRNA in the cultured cells had markedly decreased compared to that of initial islets. 
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Immunostaining revealed only an occasional insulin-positive cell within the monolayer of 
expanded cells. 

The resulting expansion cultures of progenitor cells contain at least two phenotypically 
distinct cell types, those that express nestin and vimentin and those that express epithelial 
markers cytokeratin 19 and E-cadherin, as detected by immunofluorescent staining as 
described below. 

Expansion phase cells were grown on tissue culture treated plastic slides (Nalge Nunc, 
Naperville, IL). For immunostaining cells were fixed with PBS/4% paraformaldehyde for 10 
minutes at room temperature (RT). Slides were blocked with normal donkey serum in 
PBS/0.1% Triton for 1 hour at RT, incubated with primary antibodies over night at 4°C, 
washed, incubated with Cy2/Cy3 labeled secondary antibodies for 1 hour at RT, washed again 
and mounted. In vitro generated cell clusters were embedded in a fibrin clot prior to fixation. 
Clotting was achieved by mixing solutions of human fibrinogen (80 mg/ml in PBS, Sigma, St. 
Louis, MO) and human thrombin (50 units/ml in 40 mmol/1 CaCl 2 , Sigma). Clots were fixed 
in 10% buffered formalin, dehydrated, embedded in paraffin and cut into 4|um sections. 
Sections were de waxed in xylene, hydrated, boiled for 10 minutes in a microwave oven in 
10mmol/l sodium citrate, pH 6 for antigen retrieval and stained as described above. Nuclei 
were counterstained with DAPI. Antibodies used were guinea pig anti-insulin (1:2,000), 
guinea pig anti-glucagon (1:2,000), rabbit anti-somatostatin (1:2,000), and guinea pig anti- 
pancreatic polypeptide (1:2,000; all from Linco, St. Charles, MS), rabbit anti human nestin 
(1:200, Chemicon, Temecula, CA), mouse anti vimentin (1:100, Signet, Dedham, MA) mouse 
anti smooth muscle actin (1:100, Sigma), mouse anti cytokeratin 19 (1:100, Sigma), mouse 
anti keratin (1:100, Chemicon), mouse anti desmin (1:100, Sigma). 

Immunostaining revealed that expansion cultures consisted of two major types of cells: 
E-cadherin/cytokeratin 19 (CK19) positive epithelial cells growing in patches and 
vimentin/nestin-positive spindle-shaped cells growing separately from each other. Many of the 
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spindle-shaped cells also co-expressed smooth muscle actin. Occasional cells with epithelial 
characteristics (E-cadherin and CK19-positive) also stained positive for nestin (See Figure 1A- 
F, attached). 

The two major populations of cells are easily separated based on differences in their 
morphologies. The nestin/vimentin positive spindle shaped fibroblatoid cells are markedly 
different from that of the E-cadherin/CK19 positive flat, cuboidal epithelial-like cells that are in 
patches. Under regular or phase contrast light microscopy, using low power, nestin/vimentin 
positive cells that are clearly separated from the E-cadherin/CK19 cells which are in distinct 
patches are selected. In certain embodiments, the nestin/vimentin positive cells are "cloned" by 
replating them and expanding them, multiple times. 

The majority of the spindle shaped cells are nestin and vimentin positive as demonstrated 
by repeated immunohistochemical staining of expansion phase cultures, see Exhibit A. 

Expansion phase cells were grown on tissue culture treated plastic slides (Nalge Nunc, 
Naperville, IL). For immunostaining cells were fixed with PBS/4% paraformaldehyde for 10 
minutes at room temperature (RT). Slides were blocked with normal donkey serum in 
PBS/0.1% Triton for 1 hour at RT, incubated with primary antibodies over night at 4°C, 
washed, incubated with Cy2/Cy3 labeled secondary antibodies for 1 hour at RT, washed again 
and mounted. In vitro generated cell clusters were embedded in a fibrin clot prior to fixation. 
Clotting was achieved by mixing solutions of human fibrinogen (80 mg/ml in PBS, Sigma, St. 
Louis, MO) and human thrombin (50 units/ml in 40 mmol/1 CaCl 2 , Sigma). Clots were fixed 
in 10% buffered formalin, dehydrated, embedded in paraffin and cut into 4|im sections. 
Sections were dewaxed in xylene, hydrated, boiled for 10 minutes in a microwave oven in 
10mmol/l sodium citrate, pH 6 for antigen retrieval and stained as described above. Nuclei 
were counterstained with DAPI. Antibodies used were guinea pig anti-insulin (1:2,000), 
guinea pig anti-glucagon (1:2,000), rabbit anti-somatostatin (1:2,000), and guinea pig anti- 
pancreatic polypeptide (1:2,000; all from Linco, St. Charles, MS), rabbit anti human nestin 
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(1:200, Chemicon, Temecula, CA), mouse anti vimentin (1:100, Signet, Dedham, MA) mouse 
anti smooth muscle actin (1:100, Sigma), mouse anti cytokeratin 19 (1:100, Sigma), mouse 
anti keratin (1:100, Chemicon), mouse anti desmin (1:100, Sigma). 

In view of the data presented above, one of skill in the art would accept that isolation of a 
stem cell from a pancreatic islet of Langerhans does not require a step wherein cells are cultured 
on concanavalin A coated plates. 
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I hereby declare that all statements made herein of our own knowledge are true and that all 
statements made on information and belief are believed to be. true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon* 
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predicts the ethological relevance of Mauthner-associated neural 
networks 31 . The 'commissural inhibitory network* normally sup- 
presses both M -cells at low. acoustic intensities and prevents the 
simultaneous firing of both M-cells 22 . Rapid pressure change 
provides a stimulus strength which saturates these inhibitory 
inputs and depolarizes both M-celts towards threshold, By 
ensuring greater, inhibition of the M-cell contralateral to the 
sound source, the directional nature of particle motion could 
determine which cell fires first, and ensures the activation of 
one M-cell before the other. This activation inhibits the contra- 
lateral M-cell 23 and thus determines the direction of the escape 
movement 24,2 *. This effectively preserves any directional infor- 
mation received from particle motion and : functionally imposes 
it on the nohdirectional pressure stimulus that initiates the 
escape. Thus, by discriminating between two forms of acoustic 
information, fish use separate components of the same stimulus 
to determine the onset time and direction of the behavioural 
response. 

. The presence of Weberian ossicles, a specialized structure 
connecting the swimbladder to the inner ear, seems to broaden 
the spectral range for hearing 12 in otophysan fishes 26 such as 
goldfish, and may also enhance the acoustic range of sound- 
initiated escape. Our experimental approach can be used both 
to study the neuroethoiogical role of such specializations and 
to make comparative assessments of the relative hearing 
capabilities of various groups of fishes. 

The M-cells are present in primitive fishes and pre-date the 
evolution of the swimbladder 27 . Thus, the successful expression 
of Maiithner-mediated escape could have influenced the evol- 
ution of the swimbladder for acoustic pressure transduction. 
Originally adaptive as a respiratory organ in hypoxic environ- 
ments 28, , the swimbladder subsequently became associated 
with buoyancy control in species that radiated into less hypoxic 
waters. Although the nature of the transition from buoyancy 
control to hearing is unknown, we suggest that sound pressure- 
evoked M-cell activation and predator evasion co-evolved with, 
and facilitated, the addition of hearing to swimbladder function. 
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NERVE growth factor plays an important part in neuron-target 
interactions in the late embryonic and adult brain. We now report 
that this growth factor controls the proliferation of neuronal 
precursors in a defined culture system of cells derived from the 
early embryonic brain. Neuronal precursor cells were identified 
by expression of the intermediate filament protein nestin. These 
cells proliferate in response to nerve growth factor but only after 
they have bees exposed to basic fibroblast growth factor. On 
withdrawal of nerve growth factor, the proliferative cells differenti- 
ate into neurons. Thus, in combination with other growth factors, 
nerve growth factor regulates the proliferation and terminal 
differentiation of neuroepithelial stem cells. 

Cell marking experiments in vertebrates 1 " 7 and genetic studies 
in Drosophila 9,9 have shown that extrinsic signals regulate the 
transition of a multipotential precursor to post-mitotic neurons 
of different types (for review see ref. 10). To identify these 
signals, embryonic rat striatum primordia were dissected at the 
time when neurogenesis begins 1 1 and cultured in serum-free 
medium. Immediately after plating, more than 95% of rat striatal 
cells dissociated from embryonic day 13.5-14.5 expressed nestin, 
an intermediate filament protein specifically found in 
neuroepithelial stem cells l2 !3 . After 2 days in vitro most cells 
were still nestin positive (nestin + ) (Fig. la, dashed line) whereas 
the 200K subunit (relative molecular mass 200,000) of neurofila- 
ment was detectable in a smaller number of cells (Fig. la, solid 
line). After 9 days in vitro, the cells differentiated into neurons 
(Fig. la). These results confirm previously published data that 
show that cells dissociated from embryonic striatum can 
differentiate into neurons 14 . 

The receptor for nerve growth factor (NGF-R) has been 
localized in many cells throughout the embryonic striatum from 
embryonic day 14 onward 1 s . When, however, NGF was added 
to dissociated cultures of embryonic striatum, there was no effect 
on the proliferation, survival or differentiation of this population 
of nestin* cells (Fig, 16). Recent experiments suggest that multi- 
ple interactions between growth factors occur through the 
reciprocal regulation of their receptors 16 . We therefore deter- 
mined whether striatal precursor cells became responsive to 
NGF after treatment with basic fibroblast growth factor (bFGF). 

Recombinant bFGF promoted the proliferation and/ or sur- 
vival of nestin* cells during 9 days in vitro (Fig. lc). The increase 
in the number of nestin* cells in the presence of bFGF correlated 
with the formation of small colonies of nestin* cells, which 
became visible after 3-4 days. After 9 days in culture these 
nestin* colonies contained no more than 5-10 cells (Fig, 2a, b). 
When NGF was added together with bFGF, 17 times more 
nestin* cells were found (85% of the cells were nestin*) after 9 
days in vitro compared with the serum-free medium control 
experiment and 2.5-times more when compared to bFGF- treated 
cultures (Fig. Id). With NGF and bFGF, larger colonies of 
between 25 and 60 cells were seen in the cultures, compared 
with bFGF alone. All the cells in these colonies were strongly 
nestin* (Fig. 2 c, d). t 

To determine whether the colonies were the product of 
a single proliferating cell 17 , cells were infected with a dilute 



* Permanent address Institute of Pharmacological Sciences, University of Mian, MKan, Italy. 
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FIG. 1 Effect of NGF and bFGF on the number of 
nestm* and neurofilament* cells. The number of 

nestin* ( ) and neurofilament* ( J ceils 

after 2 and 9 days in vitro (2 or 9 DfV) is shown 
for different culture conditions. Rat striata from 
embryonic days 13.5-14.5 were dissected and 
transferred Into Petri dishes containing Ca 3+ , 
Mg 2+ -free Hanks' balanced salt, solution (rBSS) 
pH 7.2. After removing the meninges the tissue 
pieces were rinsed in HBSS and pelleted for 5 min, 
1,000 r.p.m. ( 4 °C. A single ceil suspension was 
obtained by gentle mechanical dissociation without 
the use of trypsin. Cells were counted in a 
haemocytometer and viability determined by 
exclusion of trypan blue. Cans (45.000 cm" 2 ) were 
then plated In Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal calf serum (PCS) into 
polyornithine-coated (lSfigml" 1 ) glass cover- 
slips in 24-well tissue culture piates and cultured 
at 33 *C in 5% COj. 15 h later the cultures were rinsed twice with HBSS 
and serum-free medium (SFM) (composition 1:1 F12:DMEM including: 
Sugml -1 insulin. iOOngmr 1 transferrin, 20 nM progesterone, 30 nM 
selenium , salt 60 pM putrescine, 2mM glutamine, 0.11 mg ml" 1 sodium 
pyruvate, 3.7 mgml" 1 sodium bicarbonate. 4.3 mgmf" 1 HEPES buffer) was 
added. Cells were cultured in SFM supplemented with growth factors where 
indicated: NGF (150 ng mi" 1 ; Collaborative Research) was replaced every 2 
days, recombinant bFGF (5 ng ml" 1 , Amgen) was applied once at day 1. After 
2 and 9 days of culture, the total number of cells was measured by counting 
10 fields (0.25 mm 2 each) across the well Three separate wells were 
counted'for each treatment After counting, the cultures were fixed in 4% 
paraformaldehyde in phosphate buffer and immunostained. Following per- 
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meabiiization with 0.01% Triton, cells were Incubated with a 1:1,000 dilution 
of a rabbit antiserum against nestin (M. Marvin and R McK.) or with a 1:160 
dilution of a mouse monoclonal antibody against the 200K subunit of the 
neurofilament protein (ICN). After 1 h at room temperature the cells were 
rinsed In PBS and then incubated for 1 h respectively with a fluorescein- ' 
conjugated goat anti-rabbit (1:100. Cappel) or a rhodamine-con/ugated goat 
anti^mouse (1 :100, Cappel) secondary antibody. The percentage of immuno- 

fluorescent nestln* ( ) and neurofilament* ( ) cells was determined 

on >400 cells. The data represent the average absolute number ±s.e.m. 
of nestin* and neurofilament"" cells counted as described above. The results 
shown represent one of five independent experiments that reproauced these 
effects. 



suspension of retrovirus expressing the Escherichia coli lacZ 
Figure 3 shows one isolated colony containing > 20 lacZ-positive 
cells which was expanded for 5 days in vitro in the presence of 
NGF and bFGF following infection after one day in vitro. These 
data show that the formation of colonies was a result of clonal 
expansion of nestin* precursor cells. 

In Fig. 4 we show that NGF alone can support precursor cell 
proliferation after a brief exposure to bFGF. The dose-response 
curve shows that the number of cells was a linear function of 
NGF concentration in the presence (plain line) or absence 
(dashed line) of bFGF. The proliferation of striatal cells in 
response to NGF concentrations of hundreds of nanograms per 
millilitre may be explained by binding to the low-affinity NGF 
receptor. The specificity of the proliferative effect of NGF was 
confirmed by showing that incubating the cells with a mono- 



clonal antibody to NGF completely blocked the increase in cell 
number. After two days pretreatment with bFGF (Sngml' 1 ), 
the cultures were rinsed and switched either to serum-free 
medium or to serum-free medium containing NGF (300 ng ml"' ) 
for three days. At this time, a 10-fold molar excess of an anti- 
NGF antibody (Boehringer) was applied to a set of cultures 
containing NGF. After six additional days in the presence of 
the antibody the total number of cells did not increase (166 ± 12) 
when compared with the cultures not treated with the antibody 
(439 ± 14). The smaller number of cells in the presence of anti- 
NGFthan in serum-free medium (221 ±16) might be explained 
by the secretion of NGF by striatal cells in culture. Furthermore, 
combination of NGF or bFGF with other growth factors did 
not produce any effect on cell number (data not shown). The 
observed effect of NGF may also be indirect, acting through a 
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FIG. 2 Colonies of nestin* cells formed as a consequence 
of proliferation In the presence of bFGF and NGF. In the 
presence of bFGF, NGF stimulated, the proliferation of 
colonies of striatal nestin* cells. After 9 days in vitro in 
bFGF alone {a,b) or bFGF and NGF icd), cells were 
immunostained with the anti-nestin antibody as oescrlDed 
in the legend to Fig. 1. a, c Fluorescent and b. d phase- 
contrast pictures. 
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FKL 3 Clonal expansion forms the nestin* colonies. After 1 day /n vitro, 
striatal cultures were infected with a diluted suspension of a retrovirus 
carrying the lacZ gene. The supernatant was previously tltred to have 1-3 
infected ceils in the dish. After 5 days in the presence of NGP (150 ng ml -1 ) 
and bFGF (5 ng ml" 1 ), cells were fixed in 0.1% glutaraldehyde, permeabilized 
with 0.1% Triton X-100 and reacted with 1 mgmr 1 X^gai. isolated clones 
of tacZ+ cells were visible when NGF and bFGF (or NGF after a pretreatment 
with bFGF) were present in the culture medium. Note that the colony shown 
contains a clone of blue ceils and a few ceils which did not express 
0-gatectosidase. In control cultures (no growth factors) 2-3 isolated, single, 
blue cells were visible in the dish, in an additional control experiment the 
cultures were fixed after Just three days of exposure of the growth factors. 
In this case there were fewer cells forming the blue colonies. 
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FIG, 4 Influence of NGF concentration on the totai number of cells after 9 
days In vitro. Striatal cultures were prepared as described above and cultured 
In the presence of various concentrations of N<2= for 9 days. Cells were 
either cultured with NGF and bFGF (5 ng mi" 1 , — ) or after 2 days of 
treatment with bFGF the medium was replaced with medium containing NGF 

alone ( ). The total number of cells was scored as described In the 

legend to Fig. 1 and the results shown are the average cell number ±s.e.m. 
In the figure, NGF '0 ng ml -1 ' represents the experimental condition in which 
bFGF atone Is present In the medium during the whole experiment (-^—) 
or bFGF for only the two initial days and then replaced with SFM with .no 

NCy ( ). During the experiment NGF was replaced every 48 h. These 

results represent one of three independent experiments. 



subset of cells in the culture which then release some other 
proliferative factor. Despite these qualifications, the linear dose- 
response curve and the antibody-blocking experiment show that 
NGF causes proliferation of nestin + cells in a completely defined 
culture medium. 

Actively proliferating cells can be identified by their incorpor- 
ation of the nucleotide analogue 5-bromodeoxyuridine (BrdU). 
BrdU uptake shows that even after 9 days in vitro in the presence 
of bFGF and NC3F many cells were still proliferating. When 
the growth factors were removed after 9 days in vitro, prolifer- 



F1G. 5 Proliferating cells differentiated upon 
removal of growth, factors. After 9 days ft 
vitro in the presence of bFGF (5 ng ml" 1 ) and 
NGF (150 ng ml" 1 ) the cultures were sniffed 
to fresh SFM for four additional days. Actively 
proliferating NGF-responsfve nestln"*' cells 
were labelled . with 5-bromodeoxyurWi ne 
(10 nM BrdU) for 6h before withdrawal of 
growth factors. After 18 h In SfM the fiat 
res tin * cells comprising the colonies started 
to round up and after 4 days a dear morpho- 
logical and Immunochemical differentiation 
was evident In the colonies, tmmunocyto- 
chemi3try. with anti-BrdU antibody showed 
that 30% of the ceils were labelled (data 
not shown). Indicating, that a large pro- 
portion of the cultured ceils were still actively 
dividing after 9 days in vitro, in growtn- 
f actor-free medium the BrotWabelled cells 
within colonies assumed small cell bodies 
with * fine . processes (a), downregutated 
nestin (b) and expressed neurofRament 
immunoresctivtty (c). Four BrdLMabeBed 
nuclei can be seen in a 
METHODS. After 4 days in SFM, cells were 
fixed in 4% paraformaldehyde in 0,1 M phosphate buffer and processed for triple 
labelling with anti-BrdU, ariti-rtestln and anti-neurefflamem antibodies. Following 
denatu ration in 1 N HQ and neutralization in OU M sodium borate, ceils were Incubated 
for 15 h with an anti-BrdU (Becton -Dickinson 1:10 In 3% goat serum, 0.1% triton In 

764 




PBS). After rinsing In PBS, a horseradish peroxidase conjugated goat antlmouse 
secondary antibody was applied for 1 h (Btorad 1:30) and visualized with diaminoben- 
zhffne (DAB) histochemistry. Nestin and neurofilament staining were performed after 
the diaminobenzine reaction following the protocol described In the legend to Fig. 1. 
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ation ceased and the cells went through a clear morphological 
change, nestin expression was greatly reduced and fine neurofila- 
ment positive processes were seen '(Fig: 5). These results show 
that cells which proliferated in vitro could still differentiate into 
neurons. 

NGF promotes survival and neurite extension of neurons in 
the peripheral nervous system of vertebrates 18 , but also affects 
differentiated neurons in the central nervous system in vitro 19 - 20 



Received 25 June: accepted 3 Septomfter 1990. 

L Ho<tC.E.Bertach,T.W w EIHa,KM. &Harrt*W.A. Ateuron i, 15-26 (19881 

2. Luskin. M. a, Pearl man. A. L & Senes, 1 R. Neuron X, 633-647 (1988), 

3. Price. X & Thurtaw. L Devetapment KM* 473-482 (15881. 

4. Ready, 0. P., Hansen. T. £.4 Bemer, S. Devf BfoL S3, 217-240 (1975) 

5. Turner. D.L4 Cepko. c. L Ateture 238, 131-136 (1887); 
8. Wateft, C. & Cepfco, C Sefence 241,. 1342-1345 (1888). 
7. Wetts. R. & Fraser. S. E Science 335, 1142-1145 (1988) 
a Rubin, Q. M. 09ff 87, 519-520(1889): 

9; Ztpuraky, S. L 7>emto Ncurosd. 12, 183-188 (1989). 

10. McKay, R. O. a Cstf 98, 813-821 (1989). 

11. Beyer. $. A. tot 1 dev. HauroecL Z 183-175 (1984). 

12. Frwterflwen, K. & McKay, RD.ai Neurosct fi, 1444-1151 (1988). 

13. LondaM. LL Zfanmefmsa L & MoKay R. 0, G. Caff 60, 585-595 (1990) 

14. Wens. S. et at. Proc natn Acad Set US. A 03, 2238-2242 (1988). 
ia Gage. f. H. « at Afaron 2, 1177-1184 (1989), 

16. BJnren, S. 1 & Anderson. 0. 1 Meuron 4, 189-201 (1990L 



and in vivo 21 ' 24 . Our experiments suggest a developmental role 
for NGF consistent with the early presence of NGF-R protein 15 
and NGF messenger RNA 25 in the striatum, the recent discovery 
of two closely related growth factors, brain-derived neurotrophic 
factor and neurotrophin-3 (BDNF and NT-3) suggests that NGF 
and other members of the NGF family might promote both the 
proliferation of neuronal precursors and the survival/ differenti- 
ation of neurons derived from these precursors 26 " 28 . □ 
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Excitatory amino acids mediate fast synaptic transmission fn 
the central nervous system through the activation of at least three 
distinct ionotroplc receptors: W-methyl-D-aspartate (NMD A), the 
a- am ino-3-hydroxy-5-methyl-isoxasole'4- propionate (AMP A)/ 
quisqualate (QUIS) and the kahmte subtypes (for reviews, see refs 
1, 2). They also activate the additional QUIS "metabotropic* 
receptor (sensitive to rnms-l-amino-cyclopentyl-l^-dicar boxy- 
late, ACPD) linked to inositol phospholipid metabolism 3-3 . We 
have used hippocampal slice cultures to study the electrophysio- 
logical consequences of the metabotropic response* We find that 
activation of an ACPD-sensitive QUIS receptor produces a 'slow' 
excitation of CA3 pyramidal cells, resulting from depression of a 
Ca 2+ -dependent K + current and a voltage-gated curreat. Com- 
bined voltage-clamp and microfluoro metric recordings show that, 
although these receptors can trigger an increase in iatraceilular 
Ca 1+ concentration , suppression of K + currents is independent 
of changes in intracellular Ca 2+ . These effects closely resemble 
those induced by activating muscarinic acetylcholine receptors in 
the same neurons and suggest that excitatory amino acids hot only 
act as fast lonotropfc transmitters but also as slow neuromodula- 
tor transmitters. 

In hippocampal neurons, activation of QUIS 'metabotropic' 
receptors induces Ca 2+ -reiease from intracellular stores 6-8 and 
reduces voltage-dependent Ca 2+ currents 9 . All the experiments 
described here (with the exception of those in Fig. 1A) were 
carried out in the presence of 2-3 mM kynurenate. Similar results 
were obtained using a combination of D-2-amirio-5-amino-5- 
phosphonovalerate (r>APV, 40 u.M) and 6-cyano-7-nitro-quin- 
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oxaline-2,3-dione (CNQX, 20-100 u-M). Under these condi- 
tions, where the excitatory effects of NMD A, kainate and AM PA 
were blocked, glutamate still depolarizes CA3 neurons (Fig. 1), 
markedly increases the number of spikes elicited by a prolonged 
depolarizing current pulse and blocks the slow afterhyper- 
polarization (AHP) following spike discharge 10 " 11 . These effects 
are reversible, concentration-dependent, do not desensitize with 
repeated applications and occur in the same concentration range 
as the ionotropic responses. 

In our experiments, carried out in voltage-clamp and in the 
presence of tetrodotoxin (TTX, 1 u,M), the current underlying 
the AHP was generated by depolarizing voltage steps (50 ms) 
and seen as a slow outward tail current following the depolariz- 
ation (Figs 2, 3). To investigate whether the excitation induced 
by. glutamate (Fig. 1) was due to activation of QUIS 'meta- 
botropic* receptors 4 "*- 13 , we compared the effect of QUIS (1 u.M) 
with that of AMPA (1-2 jjlM) ±2 mM kynurenate (Fig. 2A), In 
control solution (TTX), both AMPA and QUIS induce an inward 
current, but only QUIS blocks the AHP-current. Kynurenate 
completely abolishes the inward current produced by AMPA, 
whereas the effects of QUIS persist (n = 5). This effect of low 
concentrations of QUIS (0.02-1 u-M) j s only weakly affected by 
ionotropic receptor antagonists, whereas higher concentrations 
of QUIS (> 1 u,M) produce a kynurenate -sensitive component 
of the inward current Application of the putative endogenous 
excitatory amino-acid transmitters (0.25-1 mM) glutamate, 
aspartate, homocysteate 14 and cysteine 15 (m=4-33) reversibly 
induce an inward current and reduce or abolish the outward 
tail current. The results suggest that these novel effects of amino 
acids 16,17 , clearly different from those resulting from activation 
of kainate receptors 18 , were mediated through the activation of 
non-AMPA/QUIS receptors. These are most probably meta- 
botropic receptors; indeed other metabotropic agonists 19 such 
as ibotenate (10 u,M, n = 3) or ACPD (10 u,M, n = 4) mimic the 
effects of QUIS. 

We found that at least two distinct K + conductances are 
reduced by QUIS. There is considerable evidence that the AHP 
current blocked by QUIS corresponds to the current which had 
been termed 7 AHP (ref. 20). First, its reversal potential shifts by 
22mV,from -100±4.5 to -78±4.0mV (±s.e.m.) {n = 5) when 
extracellular K + was increased from 2.7 to 8.1 mM, a value 
which is close to the 27-mV shift expected from the Nernst 
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Glucagon-like peptide-1 (GLP-1) is an intestinal incretin hor- 
mone, derived from the processing of proglucagon, that exerts 
in sulino tropic actions on insulin-producing pancreatic islet 
/3-cells. Recently GLP-1 was shown to stimulate the growth 
and differentiation (neogenesis) of 0-cells and appears to do 
so by inducing the expression of the homeodomain protein 
IDX-1 (islet duodenum homeobox-1; also known as PDX-1, pan- 
creatic and duodenal homeobox gene; and as IPF-1, insulin 
promoter factor), which is required for pancreas development 
and the expression of 0- cell-specific genes. Earlier we identi- 
fied multipotential progenitor cells in the islet and ducts of 
the pancreas, termed nestin-positive islet-derived progenitor 
cells (NIPs). Here we report the expression of functional 
GLP-1 receptors on NIPs and that GLP-1 stimulates the dif- 



ferentiation of NIPs into insulin-producing cells. Further- 
more, confluent NIP cultures express the proglucagon gene 
and secrete GLP-1. These findings suggest a model of islet 
development in which pancreatic progenitor cells express 
both GLP-1 receptors and proglucagon with the formation 
of GLP-1. Locally produced GLP-1 may act as an autocrine/ 
paracrine developmental morphogen on receptors on NIPs, 
resulting in the activation of IDX-1 and the expression of the 
proinsulin gene conferring a 0-cell phenotype. GLP-1 may 
be an important morphogen both for the embryonic devel- 
opment of the pancreas and for the neogenesis of /3-cells 
in the islets of the adult pancreas. {Endocrinology 143: 
3152-3161, 2002) 



THE PREVALENCE of diabetes mellitus is increasing 
throughout the world. Diabetes is caused to a large 
extent by a reduction in the fully functioning mass of insulin- 
producing /3-cells that reside within the islets of Langerhans 
in the pancreas. As a consequent of a reduced mass of pan- 
creatic /3-cells, the amounts of insulin produced are insuffi- 
cient to meet the body's needs, and hyperglycemia ensues (1, 
2). Although recent studies indicate that islet transplantation 
may be a cure for diabetes (3), the availability of pancreata 
as a source for islet transplantation is severely limited. There- 
fore, it will be necessary to develop alternative sources of 
islet tissue. One such source may be progenitor cells that 
can be expanded ex vivo, differentiated into islet tissue, and 
transplanted. 

The glucagon gene encodes a multifunctional proglucagon 
that is differentially processed by prohormone convertases 1 
and 2 in the pancreas and the intestine. In the a-cells of the 
pancreas, the major product of proglucagon processing is 
glucagon, although small amounts of glucagon-like pep- 
tide-1 (GLP-1) are produced, whereas in intestinal L cells the 
major proglucagon-derived products are GLP-1 and GLP-2 
(4, 5). However, in strep tozotocin-induced diabetic rats there 
is a robust increase in pancreatic prohormone convertases 1 
and 2, resulting in a 2-fold increase in the ratio of amidated 
GLP-1 to total glucagon immunoreactivity (6), indicating that 



Abbreviations: bFGF, Basic fibroblast growth factor; [Ca 2+ ]j, intra- 
cellular calcium; EGF, epidermal growth factor; GLP-1, glucagon-like 
peptide-1; GLP-1R, GLP-1 receptor; INS-LUC, insulin promoter- 
luciferase construct; IPF-1, insulin promoter factor-1; NIP, nestin- 
positive islet-derived progenitor cell. 



GLP-1 may play a role in regeneration of /3-cell mass in a 
diabetic animal model. GLP-1 binds to specific G protein- 
coupled receptors on pancreatic /3-cells to stimulate insulin 
secretion via cAMP-dependent pathways (4, 5). When ad- 
ministered to diabetic mice, GLP-1 lowers blood glucose 
levels and stimulates insulin secretion (7-10). In addition, 
GLP-1 increases /3-cell mass by inducing the differentiation 
and neogenesis of ductal progenitor cells into islet endocrine 
cells (8-12). The antidiabetogenic potential of GLP-1 is cur- 
rently under investigation and shows promise as a thera- 
peutic agent in the treatment of type 2 diabetes (13). 

Recently, we identified a distinct population of cells in 
pancreatic islets and ducts that expresses nestin (14). These 
nestin-positive islet-derived progenitor cells (NIPs), isolated 
from adult pancreatic islets, can differentiate in culture into 
cells with pancreatic exocrine, endocrine, and hepatic pheno- 
types. We hypothesized that GLP-1 receptors (GLP-1 R) must 
be present on NIPs and that binding of GLP-1 to its receptors 
on these cells results in activation of the transcription factor 
IDX-1, a master regulator of endocrine pancreas develop- 
ment (15, 16). IDX-1 then activates the expression of the 
insulin gene, resulting in a /3-cell phenotype (8, 12). 

Here we show the expression of GLP-1 receptors on NIPs 
and that GLP-1 functionally activates NIPs by virtue of their 
depolarization and resultant increase in intracellular cal- 
cium. Notably, the activation of NIPs by GLP-1 is paradox- 
ically inhibited in conditions of high (20 him) ambient glu- 
cose concentrations, unlike the direct glucose-dependent 
activation of /3-cells by GLP-1. Further, we show that GLP-1 
stimulates the differentiation of NIPs into a pancreatic en- 
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docrine phenotype that expresses the homeodomain protein 
IDX-1 and the hormones insulin, glucagon, and GLP-1. 

Materials and Methods 

Reagents 

GLP-l-(7-36)amide was obtained from Sigma (St. Louis, MO). Basic 
fibroblast growth factor (bFGF), epidermal growth factor (EGF), leuke- 
mia inhibitory factor were obtained from Sigma and Chemicon Inter- 
national (Temecula, CA), respectively. B-27 supplement was obtained 
from Life Technologies, Inc. (Gaithersburg, MD). 

Isolation and culture ofNIPs 

Human islet tissue was obtained from the Juvenile Diabetes Research 
Foundation Center for Islet Transplantation, Harvard Medical School 
(Boston, MA), and the Diabetes Research Institute, University of Miami 
School of Medicine (Miami, FL). NIPs were isolated as described pre- 
viously (14). Briefly, islets were washed and cultured in RPMI 1640 
medium containing serum, 11.1 mM glucose, antibiotics, sodium pyru- 
vate, 0-mercaptoethanol, and growth factors. Within several days, nes- 
tin-positive cells grew out from islets. These cells were cloned and 
expanded in medium containing 20 ng/ml each of bFGF and EGF. In 
some instances, long-term passaged cells were maintained in 1000 U 
recombinant human leukemia inhibitory factor. For differentiation, NIPs 
were incubated with GLP-1 in the absence of serum, and fresh GLP-1 
was added every 48 h without changing the medium. In some experi- 
ments differentiation was achieved by culruring NIPs in cell culture 
medium containing B-27 [DMEM/F-12 (1:1), B-27, bFGF, EGF, and an- 
tibiotics] as described by Toma et ai (17) for the culture of skin-derived 
precursors and for the differentiation of mouse embryonic stem cells 
(18). Similar to the skin precursors (17), NIPs cultured in B-27 medium 
generated spherical clusters of cells that were collected, centrifuged, and 
replated onto laminin-coated 48- well plates [BD Biosciences; Bedford, 
MA] and cultured in the B-27-supplemented medium now containing 10 
nM GLP-1 and no other added growth factors, i.e. bFGF and EGF were 
absent. 

Antibodies 

We used rabbit polyclonal antisera to rat IDX-1 (14) and rat GLP-1 
receptor (19), which cross-reacts with its human counterpart. The rabbit 
antihuman nestin was a gift from Dr. C. Messam (NINDS, NIH, 
Bethesda, MD). Guinea pig antiinsulin and antiglucagon sera were 
obtained from Linco Research, Inc. (St. Charles, MO). Cy-3- and 
Cy-2-labeled secondary antisera were purchased from Jackson Immuno- 
Research Laboratories, Inc. (West Grove, PA). 

Immunocytochemistry 

Cells cultured on Lab-Tek chamber slides (Nunc, Naperville, IL) or 
gridded coverslips (Bellco Glass, Inc., Vineland, NJ) were fixed with 4% 
paraformaldehyde in PBS for 10 min at room temperature. After several 
rinses in PBS, cells were permeabilized with methanol /Triton-X in some 
instances, blocked with normal donkey serum for 30 min, and incubated 
with primary antiserum or preimmune sermum at 4 C. The following 
day, cells were rinsed with PBS and incubated with secondary antisera 
(donkey antirabbit and donkey antiguinea pig) labeled with Cy-3 or 
Cy-2 for 1 h at room temperature. After several washes, coverslips 
containing cells were mounted onto slides in mounting medium (Vector 
Laboratories, Inc., Burlingame, CA). Fluorescence images were obtained 
using a Carl Zeiss (New York, NY) epifluorescence microscope equipped 
with an Optronics TEC-470 CCD camera (Optronics Engineering, 
Goleta, CA) interfaced with a Powermac 7100. IP lab Spectrum software 
(Signal Analytics, Vienna, VA) was used to acquire and analyze images. 

RT-PCR 

Total cellular RNA prepared from NIP cultures or human islets were 
reverse transcribed and amplified by PCR for 40-45 cycles as described 
previously (20). Oligonucleotides for the PCR were as follows: human 
GLP-1 receptor: forward, 5'-gtgtggcggccaattactac-3'; reverse, 5'-cttg- 



gcaagtctgcatttga-3'; and human glucagon: forward, 5'-atctggactccag- 
gcgtgcc-3'; reverse, 5'-agcaatggattccttggcag-3'. An RT-negative control 
was run for most samples. PCR cycling for glucagon was at 94 C for 1 
min, followed by 94 C for 10 sec, 56 C for 10 sec, and 72 C for 1 min (40 
cycles), followed by 72 C for 2 min. A hot start PCR was performed for 
human GLP-1 receptor (GLP-1 R) as follows: 94.5 C for 5 min, followed 
by addition of Taq polymerase and subsequent cycling at 94 C for 10 sec, 
54 C for 10 sec, and 72 C for 10 sec (45 cycles). Primer extension at 72 
C was performed for an additional 2 min. 

Intracellular calcium ([Ca 2 *]) measurements 

NIPs plated on gridded coverslips were loaded with fura-2 by incu- 
bation in standard extracellular saline (138 mM NaCl, 5.6 mM KC1, 2.6 
mM CaCl 2 , 1.2 mM MgCl 2 , and 10 mM HEPES) containing 5.6 mM glucose 
and supplemented with 2% fetal bovine serum, 0.01% pluronic F-127, 
and 5 jum fura-2/ AM. Cells were loaded for 90 min at room temperature, 
washed with standard extracellular saline, and then transferred to a 
Peltier temperature-controlled stage at 32 C. Human serum albumin 
(0.05%) was added as a carrier protein during experiments with GLP- 
l-(7-36)amide and Exendin-(9-39), a specific antagonist of GLP-1. Cal- 
cium measurements were taken at 0.25 Hz using an IonOptix (Milton, 
MA) imaging system. The grid location was noted, and fluorescence 
images of the cells were recorded for subsequent identification of the 
cells for immunohistochemical staining. The solution in the recording 
chamber was exchanged by a gravity-fed perfusion system. 

RIA 

Insulin levels in culture media were measured by an ultrasensitive 
RIA kit purchased from Linco Research, Inc. and Diagnostic Products 
(Los Angeles, C A). The detection level for the insulin assay was 8 pg/ml. 
GLP-1 levels in culture media were measured by a GLP-l-specific RIA 
that uses rabbit antiserum raised against the C terminus of GLP-1 -(7- 
36)amide and does not cross-react with glucagon or proglucagon. 

Transfections 

A fragment of the rat insulin I gene promoter that spans nucleotides 
-410 to 49 bp was fused to the coding sequence of luciferase in the pxp2 
basic vector to generate the insulin promoter- luciferase construct (INS- 
LUC) (21). The human insulin promoter factor-1 (IPF-1) cDNA was a gift 
from Henk-Jan Anstoot (Sophia Children's Hospital, Rotterdam, The 
Netherlands). This cDNA was transferred to a cytomegalovirus 5 pro- 
moter vector in our laboratory (22). The rat IDX cDNA was cloned 
previously in our laboratory (23). Adherent NIP cultures plated in 12- 
well dishes were transfected with 0.6 /ig rat INS-LUC and/or 0.125 u.g 
rat IDX-1 cDNA/well for 5 h in serum-free culture medium using 
Lipofectamine 2000 (2.5 jul/well; Life Technologies, Inc.). A filler plas- 
mid DNA was used to bring the DNA concentration to 1 jig/well. Then, 
cells were exposed to test substances in medium supplemented with 10% 
serum. After 20-24 h, cells were lysed, and luciferase activity was mea- 
sured using a luciferase assay kit (Promega Corp., Madison, WI) in a 
luminometer (Wallac, Inc., Gaithersburg, MD). These experiments were 
carried out in duplicate wells and repeated at least three times. In other 
instances, NIP cultures were plated onto 4-well Lab-Tek chamber slides 
and transfected with human IPF-1 cDNA (0.2 pig /well) using Gene- 
porter (Life Technologies, Inc.). The following day, transfected cells were 
incubated with GLP-1 (1-10 nM) in serum-supplemented medium. After 
3-4 d, cells were fixed with 4% paraformaldehyde and subjected to 
immunostaining for IDX-1 and insulin. 

Western immunoblot 

NIP cultures plated in 10-cm dishes were either transfected with 
human IPF-1 cDNA using Geneporter or were left un transfected. These 
cells were subsequently treated with or without 10 nM GLP-1 in serum- 
supplemented medium for 3-4 d. Then, nuclear extracts were prepared 
according to the Schreiber method (24), and equal amounts of proteins 
(20 juLg) were loaded and electrophoresed on premade NuPAGE 
(Invitrogen, Carlsbad, CA) gels according to the manufacturer's recom- 
mendations. The proteins were transferred onto a nitrocellulose mem- 
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brane and subjected to an IPF-1 immunoblot procedure as described 
previously (23). 

Results 

GLP-1 receptor expression in NIPs 

We examined human NIPs for the presence of GLP-1 R by 
immunocytochemistry. Receptor immunoreactivity was de- 
tected in the majority of NIPs (>60%; Fig. 1A). To further 
confirm the immunocytochemical identification of GLP-1 R 
in NIPs, we performed an RT-PCR of GLP-1 receptor mRNA 
prepared from NIP cells and detected the product of the 
correct size (346 bp) for the GLP-1R (Fig. IB). Clonal variation 
in the relative amounts of GLP-1 R mRNA between lines was 
seen; receptor expression was lower in some NIP clones than 
others (see clone 9 vs. 2 in Fig. IB), but was undetectable in 
only a minority of clones. The expression of GLP-1 receptors 
in NIPs indicates the potential for GLP-1 -mediated regula- 
tion of islet progenitor cell differentiation by GLP-1. 

Functional GLP-1 receptor signaling in NIPs 

The application of GLP-1 -(7-36)amide to single isolated 
NIPs elevates [Ca 2+ ] it Cells were plated onto gridded cov- 
erslips to permit subsequent immunohistochemical staining 
of the same cells to test for nestin expression. All cells ex- 
amined that increased [Ca 2+ ]j in response to GLP-1 were 
nestin positive. In contrast to /3-cells prepared from adult 
human islets, in human NIPs, GLP-1 stimulated [Ca 2+ ]j at 
basal (5.6 mu; n = 45 cells) glucose, but had no effect on 
[Ca 2+ ]i in the presence of high (20 h\m) glucose (Fig. 2A). 
These glucose-related effects on [Ca 2+ ]i responses in NIPs 
were reproduced by forskolin (Fig. 2B), suggesting that the 
effects of GLP-1 on NIPs are mediated via the activation of 
G s and cAMP production, the same signaling pathway used 
by GLP-1 in adult islet-derived j3-cells. However, the glucose 
dependence of GLP-1 in NIPs differs strikingly from that in 
adult |3-cells, inasmuch as in adult /3-cells the actions of 
GLP-1 are markedly directly dependent on glucose concen- 



trations (25, 26). These findings suggest that the coupling of 
glucose signaling with cAMP signaling (25) in NIP progen- 
itor cells is different from that in adult islet-derived j3-cells. 
The pretreatment of single isolated NIPs with the peptide 
exendin-(9-39), a specific antagonist of GLP-1, prevents the 
increase in [Ca 2+ ]j mediated by GLP-1 (Fig. 2, C and D). These 
inhibitory effects of the GLP-1R antagonist exendin-(9-39) on 
[Ca 2+ ] i responses suggest that the same isoform of GLP-1 R is 
expressed in NIPs as mat expressed in 0-cells. The increase in 
[Ca 2+ ]j mediated by GLP-1 on NIPs was inhibited by extra- 
ellular La 3+ (5 ^lm), indicating that GLP-1 is activating [Ca 2+ ]i 
influx, consistent with its known role to depolarize 0-cells 
(Fig. 2E). We demonstrate further that tolbutamide (100 jam) 
stimulates the [Ca 2+ ]i elevation in NIPs, indicating that NIPs 
must also express ATP-sensitive K + channels (Fig. 2F). These 
findings suggest that GLP-1 induces membrane depolarization 
and activation of voltage-dependent Ca 2+ channels in NIPs, 
consistent with its known mechanism of action in j3-cells. How- 
ever, unlike its known actions in /3-cells, the activation of ion 
channels in NIPs is inhibited by high (20 him) glucose. 

GLP-1 induces differentiation of NIPs into 
insulin- secreting cells 

Previous studies demonstrated the insulinotropic actions 
of GLP-1 as well as its ability to stimulate /3-cell neogenesis 
in partial pancreatectomized rats (9). Therefore, we deter- 
mined whether GLP-1 would induce differentiation of 
human NIPs into insulin-secreting cells. As described pre- 
viously (14), human islets were cultured in medium con- 
taining bFGF and EGF for 14 d. The majority of islets became 
degranulated, and a monolayer of cells grew out from them. 
Immunocytochemical analysis of such islet cultures showed 
that the outgrowing cells were mostly all nestin positive and 
insulin negative; just a few cells in the monolayer expressed 
insulin (Fig. 3A). NIPs were picked from these cultures and 
expanded in growth factor-supplemented medium (passage 
1) for 3 d as described previously (14). In certain instances 



FIG. 1. Expression of GLP-1R on pancreatic islet- 
derived stem/progenitor cells. A, NIPs (passages 
6-8) plated on gridded cover slips were fixed and 
subjected to immunocytochemical detection with 
antiserum to GLP-1R (a-GLP-lR) (Cy-3, rendered 
intense white on modifed photomicrograph) or a 
preimmune serum control. Note the punctate flu- 
orescence on the surface of the cell, typical of re- 
ceptor aggregation. B, RT-PCR of RNA prepared 
from different clones of NIPs (passages 4-8) using 
oligonucleotide amplimers to human GLP-1R give 
the predicted 346-bp product, which was confirmed 
by Southern blotting. Human islet tissue was used 
as the positive control. 
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Fig. 2. GLP-l-(7-36)amide and tolbutamide stimulate [Ca 2+ )i influx in NIPs. A, Fura-2-loaded cells bathed in 5.6 mM glucose show an increase 
in the [Ca 2+ ]i response to 10 nM GLP-1. Increasing extracellular glucose to 20 mM (20 G) also caused an increase in ECa 2 " 1 "];, but application 
of GLP-1 in 20 mM glucose failed to produce an additional [Ca 2+ ] ; response. A third application of GLP-1 on returning to 5.6 mM glucose produced 
a [Ca 2+ ]i response. These effects of GLP-1 on [Ca 2+ ] ; were observed in 45 different cells tested. B, The glucose-dependent effects of GLP-1 were 
reproduced by 10 mM forskolin, suggesting that the [Ca 2 "*"^ elevation is mediated by the cellular cAMP level. C, The GLP-l-mediated increase 
in [Ca 2+ ]i was reversibly inhibited by 10 nM exendin-(9-39). This inhibitory effect was not due to receptor desensitization (D), because application 
of GLP-1 in the presence of the GLP-1 receptor antagonist exendin-(9-39) failed to produce a response, whereas subsequent applications of GLP-1 
after washout of exendin-(9-39) produced repeated [Ca 2+ li elevations. E, The GLP-l-mediated increase in [Ca 2+ li is inhibited by 0.5 mM 
extracellular La 34 *, an inhibitor of Ca 2+ influx, suggesting that GLP-1 stimulates Ca 2+ influx. F, NIPs bathed in 5.6 mM glucose were stimulated 
with 100 mM tolbutamide (Tolbut.) and responded to repeated applications of tolbutamide with increases in [Ca 2 *^. Application of 10 nM GLP-1 
also stimulated an increase in [Ca 2+ Ji, suggesting that GLP-1 acts by depolarizing the cells. Shown in each panel are representative recordings 
from single NIPs (clone 006a) that respond to the above-mentioned test substances. 



NIPs that were expanded for 3-5 d spontaneously expressed 
insulin. We find that at this stage of passage (30-40 cells/ 
dish) the vast majority of NIPs were nestin positive and 
insulin negative (Fig. 3B). When NIP cultures were expanded 
for 7-12 d and then treated with GLP-1, a subset of cells 
became insulin positive (Cy-2; green) and nestin negative 
(Cy-3; red; Fig. 3, C and D). Incubation with exendin-(9-39), 
a specific antagonist of GLP-1, abolished the appearance of 
immunostaining for insulin (Fig. 3E). The cells treated with 
GLP-1 also changed their morphology, becoming more 
rounded and flattened (Fig. 3D vs. Fig. 3, C and E). The per- 
centage of differentiated cell progeny by virtue of insulin stain- 
ing varies from 5% or less to 30% depending on the particular 
cloned NIP culture tested. Treatment with exendin-4, a long- 
acting analog of GLP-1, induced a 2- to 3-fold increase in insulin 
secretion, as measured by RIA of the cell culture medium 
(Fig. 3G). The secretory response to exendin-4 was detected in 
30% of the NIP clones tested. In some culture wells confluence 



alone was sufficient to initiate the secretion of small amounts of 
insulin, indicating that cell confluence can induce differentia- 
tion to some extent. 

Human NIPs that have been repeatedly passaged lose 
their ability to secrete insulin in response to GLP-1 . How- 
ever, a modification of the differentiation protocols of 
these cells can render them again responsive to GLP-1. In 
these modified experiments, long-term passaged NIPs (^6 
months) were cultured in medium supplemented with 
B-27, bFGF, and EGF for 4-6 d or more. Similar to skin- 
derived precursor stem cells (17), NIPs in this medium 
form floating clusters after 6 d of culture (Fig. 4A). For 
differentiation experiments, these clusters were collected, 
centrifuged, and plated on laminin-coated dishes in the 
B-27-supplemented medium now containing 10 nM GLP-1 
but no growth factors (bFGF and EGF). A week later, cells 
grew out from the clusters, which were then fixed and 
subjected to immunocytochemistry for insulin and IDX-1. 
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FIG. 3. GLP-l induces differentiation of NIPs into insulin-producing cells. A, Human islets were cultured in growth medium containing bFGF 
and EGF for 14-18 d. The monolayer of cells that grew out from the islet was fixed with 4% formaldehyde and immunostained with antiserum 
for insulin (Cy-2,£reen) and nestin (Cy-3, red). The majority of cells that grew out from islets were nestin positive and insulin negative. B, NIPs 
that grew out from islets were picked, replated, expanded in the same medium (passage 1) for 3-5 d, fixed, and immunostained for nestin (red) 
and insulin (green). Most cells at this stage were nestin positive and insulin negative. C, Differentiation of NIP cultures treated with GLP-l. 
NIP cultures (clone 016f, passage 1) were expanded for 7-12 d. Between d 10 and 12, cultures were replenished with serum-free medium alone 
(control, C) or containing 10 nM GLP-l-(7-36)amide or GLP-l plus exendin-(9-39) (100 nM; Ex9-39), a specific antagonist of GLP-l (D and E, 
respectively). Seventy-two to 96 h later, cells were fixed and immunostained for nestin (Cy-3, red) and insulin (Cy-2, green). A subset of cells 
became nestin negative and insulin positive (indicated by white arrows, D). F, To control for background staining, GLP-l-treated cells were 
incubated with preimmune normal rabbit serum (red) and guinea pig IgG (green). Note the change in cell morphology when cells were treated 
with GLP-l (D and F vs. C and E). G, Insulin secretion from NIP cultures treated with exendin-4. NIP cultures (passage 1) were expanded for 
7-12 d and treated with 10 nM exendin-4, a GLP-l agonist, for 48-72 h. Media were collected and assayed for insulin. Values are the mean ± 
SEM of four wells obtained from two different clones of NIPs. 
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FIG. 4. Differentiation of long-term passaged (^6 months) NIPs. A, 
Confluent NIP cultures (n = 2; clone 009b) were trypsinized and 
plated in B-27-supplemented medium (see Materials and Methods), 
The morphology of cells changed as they become more flattened (panel 
1), and by 6 d the cells generated clusters (panel 2). B, The clusters 
were collected, centrifuged, and replated into 1 am inin -coated 48-well 
plates in B-27 medium alone (control) or supplemented with 10 nM 
GLP-1. The cells that grew out from the clusters after 1 wk were then 
rinsed, fixed, and subjected to immunocytochemical detection of 
IDX-1 (Cy-3, red) and insulin (Cy-2, green). 



A subset of cells became insulin and IDX-1 positive in the 
wells treated with GLP-1 as opposed to control cells with- 
out treatment with GLP-1 (Fig. 4B). 

Transfection and expression of IDX-1 in NIPs 

The homeodomain protein IDX-1 is critical for pancreas 
development (27) and plays a major role in transcriptional 
regulation of the insulin gene (15). It has been shown that 
GLP-1 agonists induce the expression of IDX-1 (8, 9) and that 
the expression of IDX-1 is sufficient by itself to induce the 
expression of insulin in liver cells (28) and in pancreatic 
ductal cells (12). We previously reported that IDX-1 is ex- 
pressed in differentiated early passage NIP cell populations 
(14). We reconfirmed this observation in the current study 
using DNA binding assays with nuclear extracts prepared 
from differentiated confluent NIP cultures. A radioactively 
labeled, synthetic oligonucleotide probe encompassing the 
cytosine thymidine-II region of the human insulin promoter 
sequence formed a distinct complex that was eliminated 
when extracts were incubated with an antiserum for IDX-1, 
confirming the authenticity of IDX-1 in these cultures (data 
not shown). However, in long-term NIP cultures there was 
a loss/ diminution of endogenous IDX-1 levels. 



Next, we addressed whether GLP-1 -induced differentia- 
tion of NIPs into insulin-expressing cells might correlate with 
the expression of IDX-1. Accordingly, we transiently trans- 
fee ted rat IDX-1 cDNA with a fragment of the rat insulin I 
promoter sequence conjugated to a lucif erase construct (INS- 
LUC) into long-term (>6 months to 1 yr) NIP cultures and 
treated them with GLP-1 or forskolin. As shown in Fig. 5, 
reexpression of IDX-1 increased basal insulin promoter ac- 
tivity, and this effect was more pronounced when transfected 
NIPs were treated with GLP-1. In contrast, forskolin 
enhanced INS-LUC activity regardless of IDX-1 levels, 
suggesting that the GLP-1 effect on insulin gene expres- 
sion in NIP cultures may be mediated by increased ex- 
pression of IDX-1. 

We also hypothesized that a certain concentration of IDX-1 
in the cells in conjunction with the presence of GLP-1 is 
required for NIPs to convert into insulin-producing cells. To 
test this hypothesis, we treated NIPs transfected with human 
IDX-1 cDNA or untransfected long-term subconfluent NIP 
cultures (>3 months) with either 10 nM GLP-1 or vehicle for 
3-4 d. Later, cultures were either fixed and immunostained 
with an antibody against human IDX (red) and insulin (green) 
or subjected to Western immunoblot analysis for nuclear 
IDX-1 protein. Immunostaining results show an overall in- 
crease in IDX-1 expression levels in transfected cells (four of 
five times) compared with untransfected cells (Fig. 6, A vs. 
B and C, upper panels). These findings were further confirmed 
by Western immunoblot analyses, which also suggest that 
GLP-1 treatment increases IDX-1 levels in NIPs transfected 
with an IDX-1 expression plasmid (Fig. 6D). However, in- 
sulin was induced in a subset of transfected and treated NIPs 
in only two of the above experiments, as shown in a repre- 
sentative experiment in Fig. 6C (lower panel) and was not 
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Fig. 5. GLP-1 -induced differentiation of NIPs is mediated through a 
pancreas-specific transcription factor, IDX-1. A, NIP cultures trans- 
fected with -410 INS-LUC (INS-LUC) alone (left) or also with rat 
IDX-1 cDNA {right) were treated with forskolin (10 jllM; Fork), GLP-1 
(10 nM), or vehicle (CON) for 20 h. Then cells were lysed and assayed 
for luciferase activity. Relative light units (RLU) were measured for 
10 sec (10s)/sample. Values represent the mean ± sem of at least four 
wells from two experiments using clone 06. GLP-1 -induced (*, P < 
0.05) stimulation of INS-LUC activity is IDX- 1 dependent, whereas 
that produced by forskolin (a*) is IDX-1 independent. Note that trans- 
fection with empty vectors (pxp2 and cytomegalovirus 5 promoter) 
yielded background units that were not altered by either treatment 
(data not shown). 
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Fig. 6. A-C, Immunocytochemical analysis of insulin expression in NIP cultures transfected with human IDX-1. NIP cultures (passages 6-11) 
plated on Lab-Tek chamber slides were left untransfected (control (CON; A) or were transfected with human IDX-1 expression plasmid (+ IDX-1; 
B and C). Five hours later, cultures were re-fed with medium containing serum. The following day, NIPs were treated with 10 nM GLP-1 
(+IDX-1+ GLP-1; C) or vehicle control (B). Three days later, cultures were fixed, permeabilized with methanoVTriton-X, and subjected to dual 
fluorescence immunocytochemical detection of IDX-1 (Cy-3, red) and insulin (Cy -2, green). Shown are representative figures in which NIPS (clone 
006a) transfected with IDX-1 remains insulin negative/low (B, lower panel), and a subset of those treated with GLP-1 stains for insulin (C, lower 
panel). Note that IDX-1 immunostaining is more intense in those cultures that were transfected and treated with GLP-1 than in untransfected, 
untreated controls (B and C vs. A, upper panels). D, Western immunoblot analysis of IDX-1 expression levels in response to GLP-1. NIP cultures 
transfected with human IDX-1 cDNA or left untransfected were treated with GLP-1 (10 nM) or vehicle. Then cells were lysed, and nuclear extracts 
were prepared. Samples were electrophoresed and immunoblotted with an antibody specific for IDX-1. An extract from a rat insulinoma cell 
fine (INS) was used as a positive control. Note the absence of endogenous IDX-1 in this clone of NIPs (>6 months in culture). 
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induced in other instances even in the presence of increased 
IDX-1 expression (Fig. 6B, lower panel). Taken together, these 
experiments suggest that IDX-1 may play a role in GLP-1- 
induced differentiation of NIPs into insulin-producing cells. 

NIPs express the proglucagon gene and secrete GLP-1 

Major regulators of expression of the nestin gene in neural 
stem cells are the POU homeodomain proteins Brn-2 and 
Brn-4 (29). Brn-4 is known to be a key activator of the ex- 
pression of the proglucagon gene by interactions with the Gj 
element located in the proximal a-cell-specific expression 
promoter of the proglucagon gene (30). Therefore, we ex- 
amined NIPs for expression of the proglucagon gene. Al- 
though the proglucagon gene is not expressed in noncon- 
fluent NIPs (Zulewski, H v unpublished observations), when 
NIPs approach confluence and begin to differentiate, they 
express the proglucagon gene, as shown by RT-PCR (Fig. 7 A) 
and immunocytochemistry (Fig. 7B), and secrete GLP-1 into 
the culture medium (Table 1), Because NIPs express func- 
tional GLP-1 Rs, the later expression of GLP-1 by early dif- 
ferentiating NIPs suggests that GLP-1 may function as an 



autocrine /paracrine morphogen in the differentiation of 
multipotential NIPs to pancreatic endocrine cells. 

Discussion 

Our findings demonstrate the presence of functional GLP- 
IRs on pancreatic progenitor cells and suggest a direct role for 
GLP-1 in the differentiation of NIPs into insulin-producing 
cells. Differentiation occurs in a subset of NIP cells that is in- 
duced to produce insulin. GLP-1 exerts diverse effects on 
j3-cells, including stimulation of cAMP formation (25, 31) and 
activation of phosphoinositol 3-kinase (32-34), which, in turn, 
activates several downstream signaling targets that stimulate 
insulin secretion. We characterized the electrophysiological re- 
sponses of NIPs to GLP-1 and found that NIPs bathed in phys- 
iological concentrations of glucose (5.6 mM) show an increase 
in [Ca 2+ ]j in response to the application of 10 nM GLP-1. Para- 
doxically, a higher glucose concentration (20 mM) rendered 
GLP-1 ineffective in evoking a [Ca 2+ ]j response. Like GLP-1, the 
cAMP agonist forskolin also evoked a similar increase in [Ca 2 *]; 
in NIPs at 5.6 mM glucose, and the response to forskolin was 
abrogated at 20 mM glucose. These results suggest that NIPs 
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TABLE 1. Secretion of GLP-1 by cultured NIPs 



Well no. 


GLP-1 (pg/ml) 


1 


12.7 


2 


56.7 


3 


79.8 


4 


21.2 


5 


48.1 



Medium was collected from NIP cultures (passage 1), RIA was 
performed to assayed for secreted forms of GLP-1. The GLP-1 RIA is 
specific for the detection of the processed GLP-l-(7-36) amide and 
does not detect proglucagon, glucagon, or GLP-2. Shown are the val- 
ues from five representative wells (clone 11). 




Fig. 7. A, Proglucagon is expressed in confluent NIP cultures. RT- 
PCR was performed of RNA prepared from NIPs (clone 9, passage 4) 
using oligonucleotide amplimers to human proglucagon giving the 
predicted 179-bp product. Islets were used as the positive control. B, 
NIPs were differentiated by culturing them in B-27-supplemented 
medium and plating them on wells (as described in Materials and 
Methods). Then cells were rinsed, fixed, and stained with an anti- 
serum to glucagon (a-glucagon; Cy-2; intense white on modified 
figure). 

contain a glucose-sensing mechanism. In support of these ob- 
servations, our previous study demonstrates that Glut-2 mRNA 
is expressed in NIPs (14). Perhaps GLP-1 receptors are more 
abundant in conditions of physiological glucose concentrations, 
but are decreased in high glucose concentrations (35). Indeed, 
a recent study by Hui et al. (12) demonstrates that GLP-1R 
mRNA in A RIP cells (a pancreatic ductal cell line) is decreased 
in high glucose concentrations. Similar to islet /3-cells, the NIP 
pancreatic progenitor cells respond to tolbutamide, a drug that 
binds sulfonylurea receptors on /3-cells to depolarize them by 
closing ATP-sensitive K channels and to stimulate insulin se- 
cretion (36, 37). These studies demonstrate that functional sul- 
fonylurea receptors are present on NIP pancreatic progenitor 
cells. Although our studies show the existence of tolbutamide- 
responsive ATP-sensitive K + channels on NIPs and a depolar- 
izing response to GLP-1, the apparent loss of augmentation of 
the response in conditions of high glucose (20 itim) is in contrast 
to the glucose-responsive sensitivity of j3-cells to GLP-1 (25, 26). 
These observations suggest that unlike /3-cells that increase their 
responsiveness to GLP-1 in conditions of acute elevations of 
glucose concentrations, the response of progenitor cells such as 
NIPs appears to be impaired in high glucose. It is important to 
distinguish between long-term glucotoxicity of /3-cells in which 
cellular function is impaired after several days of exposure to 
high glucose (21, 38) and the acute impairment of NIP responses 
observed in just a few minutes. This apparent circumstance of 
the impairment of NIPs to respond to elevated glucose may be 
relevant to the deleterious effects of elevated blood glucose 
levels in individuals with diabetes, such that elevated glucose 
might impair the neogenesis of new /3-cells from progenitor 



precursor cells. Such glucotoxicity-mediated impairment of 
/3-cell neogenesis, is expected to be accompanied by accelerated 
glucotoxic /3-cell apoptosis (39-41). 

The endocrine cells of the rat pancreas turn over every 40-50 
d by processes of apoptosis and neogenesis (42). Neogenesis 
refers to the differentiation of new islet cells from progenitor 
cells residing in islets (14) and ducts (43-45). There have been 
several reports of the differentiation of pancreatic duct-derived 
cell lines into insulin-producing cells by growth factors (46), and 
GLP-1 is also implicated as a differentiation-inducing agent (10, 
12). The administration of exendin-4 to rats stimulates /3-cell 
neogenesis, resulting in increased /3-cell mass (9). GLP-1 is now 
being considered as a potential new therapeutic agent for type 
2 diabetic patients (13). 

In their undifferentiated state, NIPs are nestin positive and 
IDX-1 and insulin negative. When exposed to GLP-1, a subset 
of cells became nestin negative and IDX-1 and insulin pos- 
itive. Accordingly, insulin secretion by RIA was also detected 
in these cells. The differentiation of serially passaged NIP 
cultures into insulin-producing cells was accelerated by 
transfecting IDX-1 into NIPs before treating them with 
GLP-1 . These findings are in agreement with those of Hui et 
al (12), who also showed that transfection of PANC-1, a 
ductal cell line with IDX-1, followed by treatment with GLP-1 
induced insulin bioynthesis. 

The level of IDX-1 in NIPs may be critical; perhaps when 
NIP cultures are sequentially passaged, the level of endog- 
enous IDX-1 falls, which is then corrected by transfecting in 
IDX-1. However, transfection with IDX-1 per se did not dif- 
ferentiate NIPs into insulin-producing cells. Treatment of 
IDX-l-transfected cells with GLP-1 was necessary to induce 
insulin bioynthesis in a subset of NIPs. Perhaps, transfection 
of IDX-1 into NIPs up-regulates GLP-1 R expression, thus 
making it more responsive to its ligand. This was demon- 
strated by Hui et al (12) using IDX-1 transfected PANC-1 
cells. Consistent with our findings Wang et al. (47) demon- 
strated that the level of IDX-1 expression defines endocrine 
pancreatic gene expression. Like embryonic stem cells, the 
clonal variation in NIPs makes these kind of studies chal- 
lenging in that responses to GLP-1 will depend not only on 
the presence or absence of its receptor, but also on the level 
of receptor expression (see Table 2 for frequencies of events). 

Proglucagon gene expression appears to be restricted to 
endocrine pancreas, intestine, and brain (4, 5). The posttrans- 
lational processing of proglucagon is different in each of 
these tissues. Although the major proglucagon-derived pep- 
tide hormone in the pancreas is glucagon, GLP-1 is also 
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TABLE 2. Events/observations 



Events/observations 


Frequency 


Clones tested 


1. GLP-1 receptors on NIPs 


<60% (clone 006a) 


3/3 clones; 006a, 009b, 002c; some have 




higher receptor expression than others 


2. GLP-1 mediated differentiation of NIPS 






into insulin-producing cells 






a) Early passage 


<5-30% 


3/3 clones; OlOd, 01 le, 016f 


b) Long-term cultures 






Transfecting rIDX4 INS-LUC 


<66% 


2/3 clones; 006a, 015g, 005h 


Transfecting hIDX and 


tIDX-1 <80% 


3 clones tested; 006a, 013i,009b 


immunostaining for insulin 


f Insulin =£40% 





produced. It is surprising that the proglucagon gene appears 
not to be expressed in nonconfluent passage NIPs, but then 
becomes expressed when the NIPs become confluent and 
differentiate. Brn-4 is known to activate nestin gene expres- 
sion (29) and is a critical a-cell-specific activator of the pro- 
glucagon gene by interactions on the G x enhancer in the 
proximal promoter of the gene (30). Of note, we recently 
reported that the experimental misexpression of Brn-4 in the 
early developing pancreas (mouse embryonic d 8.5-9.5), 
directed by the IDX-1 promoter in transgenic mice, results in 
ectopic expression of the proglucagon gene in the later- 
developing insulin-producing )3-cells (48). Because Brn-4 
appears to play a critical role in the expression of both the 
nestin gene characteristic of stem cells (29) and the proglu- 
cagon gene, and the expression of Brn-4 at the time of acti- 
vation of the IDX-1 promoter during development activates 
proglucagon gene expression (48), it is tempting to speculate 
that NIPs may be precursors of the IDX-1 -expressing epi- 
thelial cells that appear in the foregut of the early mouse 
embryo (embryonic d 8.5-9.5) that is destined to give rise to 
the pancreas. Further, we speculate that the expression of the 
GLP-1 R in NIPs coupled with the expression of proglucagon 
and resultant GLP-1 may establish an autocrine/paracrine 
hormonal feedback loop that is important in instructing the 
differentiation of NIPs into pancreatic endocrine cell lin- 
eages, e.g. )3-cells. In addition, our findings are consistent 
with the reported observations that fetal pancreas-derived 
progenitor cells give rise to endocrine cells that initially ex- 
press proglucagon (49) and later coexpress proglucagon and 
proinsulin (50). 
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